has been widely used as a representative laminin in the study of host-pathogen interactions [2] [3] [4] .
Several airway pathogens that interact with host laminin and achieve successful colonization have been defined [1, 4] . These include Haemophilus influenzae, Moraxella catarrhalis, Pseudomonas aeruginosa, Staphylococcus aureus, Streptococcus pyogenes, and S. pneumoniae. In addition to H. influenzae P4, Hap, and PE, we recently reported that Haemophilus protein F (PF) targets host laminin as a bridging molecule for efficient adherence to airway epithelial cells [5, 6] . PF (mass, approximately 30 kDa) is a surface-associated protein that functions as a metal-binding protein belonging to the adenosine triphosphate-binding cassette (ABC) transporter family. PF is homolog with YfeA from the yfeABCD operon of Yersinia pestis that is involved in Fe 2+ , Mn 2+ , and Zn 2+ uptake [7] . PF shares similar tertiary protein structure with the laminin-binding protein (Lbp) of S. pyogenes, which consists of 2 domains connected via a hinge region, although both orthologs are not highly homologous in protein sequence [3, 5] . Based on the tertiary structure of PF, we identified and characterized PF orthologs in M. catarrhalis (AfeA), P. aeruginosa (Paf), and S. aureus (MntC) as novel laminin-binding proteins.
MATERIALS AND METHODS

Bacterial Strains and Eukaryotic Cells
P. aeruginosa PAO1, M. catarrhalis RH4, S. aureus Cowan I, and Escherichia coli DH5α (Stratagene, Santa Clara, CA) and E. coli BL21(DE3) (Novagen, Darmstadt, Germany) were cultured as indicated in Supplementary Table 1 . The pharynx epithelial cell lines Detroit-562 (ATCC CCL-138) and Calu-3 (ATCC HTB-55) were maintained as described previously [6] . .
Figures were prepared using PyMOL. B, Protein-protein interactions between PF orthologs and Engelbreth-Holm-Swarm murine laminin-111 as determined by enzyme-linked immunosorbent assay. Purified recombinant rAfeA, rPaf, and rMntC coated on plates bound soluble laminin (concentration range, 2.5-20 nM) in a dose-dependent manner. C, Interaction of laminin and PF orthologs as visualized by transmission electron microscopy. The upper panel shows gold-labeled (10 nm) laminin (indicated by white arrows) colocalized with purified PF, AfeA, Paf, or MntC (5 nm; black arrows). Protein KR03526 (EDJ92704) was included as a negative control and did not interact with laminin. The lower panel shows deposition of gold-labeled laminin (5 nm) on the surface of Escherichia coli BL21 (DE3) expressing PF, AfeA, Paf, or MntC but not on the surface of the negative control, nontransformed E. coli. Specimens were examined in a Philips/ FEICM 100 TWIN transmission electron microscope operated at an accelerating voltage of 60 kV. Images were recorded with a side-mounted Olympus Veleta camera with a resolution of 2048 × 2048 pixels (ie, 2k × 2k) and the ITEM acquisitions software. D, Mapping of the PF ortholog-binding site on the laminin molecule. At left is a schematic representation of the laminin molecule (approximately molecular weight, 800 kDa). The glycoprotein is made of heterotrimeric polypeptides consisting of 1 α, 1 β, and 1 γ chain, which exist in 5, 4, and 3 genetically distinct forms in humans, respectively [2] . The trimeric chains assemble via disulfide bonds at their C-terminal end, forming a crossshaped structure consisting of 3 short arms formed from each chain and a long arm formed by all 3 chains through an α-helical coiled coil at the C-terminus. The C-terminal end of the α-chain at the long arm carries a globular domain (LG), which is composed of 5 homologous domains, LG1-5. Heparin-binding sites are indicated as Hep-1, Hep-2, and Hep-3. The previously described PF-binding site is indicated with an arrow [5] . The center panel shows inhibition of the laminin-PF ortholog interaction by heparin. Laminin (20 nM) was preincubated with various concentrations of heparin (7 nM-66.7 μM) and thereafter incubated with recombinant AfeA, Paf, or MntC immobilized on microtiter plates. Impaired binding to laminin was observed in the presence of heparin concentrations as low as 7 nM. At right is a characterization of the ionic interaction of PF orthologs with laminin (20 nM) in the presence of a range of NaCl concentrations (25 mM-1 M). NaCl at ≥75 mM disrupted the interactions of AfeA, Paf, or MntC with laminin. For the graphs in panels B and D, data represent mean values of 3 independent experiments, and error bars indicate standard deviations. BSA, bovine serum albumin.
Recombinant proteins (100 nM) in coating buffer (50 mM TrisHCl [pH 9.0] and 150 mM NaCl) were immobilized on Polysorb microtiter plates (Nunc, Roskilde, Denmark). Laminin-111 from Engelbreth-Holm-Swarm murine sarcoma basement membrane (Sigma-Aldrich) was added at the indicated concentrations, followed by detection with rabbit anti-laminin polyclonal antibodies (pAb; AbCam, Cambridge, United Kingdom), and horseradish peroxidase (HRP)-conjugated swine anti-rabbit pAb. In a wholecell ELISA, confluent epithelial cells in 96-well plates were fixed with 4% formaldehyde. His-tagged recombinant proteins were loaded to the cells, cells were washed, and cell-bound protein was detected with a rabbit anti-6× His tag-HRP pAb (AbCam).
Transmission Electron Microscopy (TEM)
Binding of laminin to the bacterial surface or to purified recombinant protein was visualized by negative staining and TEM as described elsewhere [8] . For visualization of laminin at the bacterial surface or interaction with purified bacterial proteins, laminin was conjugated with 5 nm or 10 nm of colloidal gold, respectively. For the latter experiment, purified proteins (PF orthologs) were labeled with 5 nm of colloidal gold. Equal volumes of labeled laminin (10 µg/mL) were incubated with bacteria (1 × 10 6 colony-forming units in 10 mM Tris-Cl [pH 7.4]) or gold-labeled purified protein (5 µg/mL) for 1 hour at 37°C. Specimens were examined in a Philips/FEICM 100 TWIN transmission electron microscope.
Statistical Analyses
Statistical analyses were done with GraphPad Prism 5.0 (GraphPad Software, CA). A 2-tailed t test and 1-or 2-way analyses of variance were used as indicated. Differences between groups or samples were considered statistically significant at P values of ≤.05.
RESULTS
We previously reported that PF is an important virulence factor of H. influenzae that mediates bacterial adhesion to host epithelial cells by binding laminin [5] . Using combinatorial in silico analysis of protein sequence BLAST and 3-dimensional-structure modeling ( Figure 1A and Supplementary Figure 1A) , we identified orthologs of PF in pathogens associated with respiratory tract infection. These included the ABC substrate-binding protein AfeA in M. catarrhalis, protein of locus tag PA2407 in P. aeruginosa (Paf), and manganese transport protein C (MntC) in S. aureus.
Despite limited homology in primary structure among the PF orthologs (48.2%-77.3% similarity; Supplementary Figure 1B) , these proteins possessed a high similarity with PF when the tertiary structures were compared ( Figure 1A ). This brought to our interest whether the PF orthologs could also function as laminin-binding receptors. We found that the recombinant PF orthologs (AfeA, Paf, and MntC) bound laminin (1.0-10 nM) in a dose-dependent manner ( Figure 1B) . Interestingly, MntC bound more laminin, in a similar range as PF when compared to Moraxella AfeA and Pseudomonas Paf. Moreover, preincubation of laminin (labeled with 10 nm of gold particles) with purified recombinant AfeA, Paf, or MntC (labeled with 5 nm of gold particles) resulted in colocalization of both binding partners, as seen in transmission electron microscopy ( Figure 1C and Supplementary Figure 2) . We also observed a significant (P ≤ .001) deposition of gold-labeled laminin (10 nm of gold particles) at the surface of E. coli expressing Afe, Paf, or MntC. The negative control, a non-laminin-binding Haemophilus surface protein (KR03526) and nontransformed E. coli, however, failed to bind laminin. Quantification of colocalized laminin revealed that both purified and E. coli surfaceexpressed MntC bound more laminin than other PF orthologs (Supplementary Figure 2) , and this was in good agreement with results obtained by ELISA ( Figure 1B) .
Haemophilus PF binds at the laminin globular domains (LG1-5) located at the C-terminus of the laminin α-chain [5] . The LG domain contains the distinct binding sites for integrins (at LG1-3) and heparin (at LG4-5; Figure 1D ) [2] . To predict whether the binding occurred at LG1-3 or at LG4-5, we first added heparin to the laminin-binding assay. As shown in Figure 1D , preincubation of laminin with increasing concentrations of heparin (7 nM-66.7 μM) gradually blocked the binding of recombinant bacterial proteins to laminin. This indicated that the heparin-bound laminin was not accessible to the bacterial proteins. Interestingly, the interaction between PF orthologs and laminin was also impaired when NaCl was added at increasing concentrations (25 mM-1.0 M; Figure 1D ). These results thus suggested that AfeA, Paf, and MntC bound laminin at the heparin-binding site(s) through ionic interactions.
Bacterial adhesion to respiratory epithelial cells is highly important for an efficient colonization of the host. We therefore investigated whether AfeA, Paf, or MntC could also interact with epithelial cells via cell-derived laminin [2] . Whole-cell ELISA showed that the recombinant PF orthologs bound to the airway epithelial cell lines in a dose-dependent manner (Figure 2A and 2B) . The presence of epithelial cell-derived laminin (Supplementary Figure 3) was confirmed, and when we further preincubated cell lines with anti-laminin pAbs, significantly blocked binding of PF orthologs to each cell line was observed as compared to the nonblocking controls (P ≤ .05; Figure 2C and 2D). Our data clearly suggested that binding of AfeA, Paf, and MntC to airway epithelial cells was mediated through interactions with cellularly produced laminin.
Discussion
In this study, we used Haemophilus PF as an in silico data-mining model to detect novel laminin-binding proteins in human pathogens associated with airway colonization. The PF orthologs were selected mainly through their similar tertiary structure, in addition to their primary sequence homology. Our current data presented several lines of evidence that support bioinformatics findings that the PF orthologs share similar structures and, thus, similar laminin-binding properties. First, we revealed that AfeA, Paf, and MntC, either as purified protein or when expressed at the E. coli surface, exhibited dose-dependent binding to laminin ( Figure 1B  and 1C) . Second, the PF orthologs targeted the cell-derived laminin as a bridging molecule for adherence to respiratory epithelial cells, as proven by inhibition using anti-laminin pAb (Figure 2) . Interestingly, the identified PF orthologs AfeA and MntC have been reported as potential virulence factors in M. catarrhalis and S. aureus infection, respectively. AfeA functions as a nutritional factor important for M. catarrhalis invasion of human alveolar epithelial cells [9] . On the other hand, MntC aids S. aureus in resisting neutrophil-dependent oxidative burst by depleting manganese from host calprotectin [10] . Importantly, it has also been described that both AfeA and MntC are conserved among strains, immunogenic, expressed on the bacterial surface during infection, and prophylactic in animal models, thus suggesting them as potential vaccine candidates [4, 11] . While the exact function of Paf remains unknown in P. aeruginosa, the protein is required for a mucoid phenotype [12] . Paf is also part of the pyoverdine locus (pvd), a fluorescent siderophore that enables iron acquisition of P. aeruginosa from the environment [13] . Up to now, the role of AfeA and Paf in bacterial acquisition of ECM components for virulence has not been reported. Our current findings primarily suggest an additional novel virulence mechanism mediated by M. catarrhalis AfeA and P. aeruginosa Paf: surface-associated proteins function as laminin receptors for subsequent bacterial colonization of an inflamed or traumatized airway mucosa, particularly when the basal lamina is exposed. Importantly, our data on S. aureus MntC are supported by a recent article that was published in parallel with our ongoing study [4] , in which Salazar et al reported that MntC interacts with several ECM components, including laminin.
We further deciphered the binding characteristics of the PF orthologs that favored the heparin-binding sites of the laminin molecule. This conclusion was based on the finding that laminin exposed to heparin (≥7 nM) or NaCl (≥2.5 μM) did not bind PF or its orthologs ( Figure 1D and Supplementary  Figure 4) . Although we previously reported that PF targeted the LG domain of the laminin α-chain, the specific binding site of PF on the LG globular domain is at present unclear. Four heparin-binding domains have been mapped on the laminin molecule, and the major heparin-binding site, designated Hep-1, is located at the globular domain LG4-5 of the α-chain [2, 14, 15] . At the secondary heparin-binding sites, Hep-2 is present at the outer and inner globules of the lateral short arm of β and γ chains, respectively, and at the last site, Hep-3 is at the middle of the long arm where α, β, and γ chains intersect ( Figure 1D ) [14, 15] . Unexpectedly, preincubation of PF orthologs with our in-house recombinant LG domains (variants of LG1-5, LG1-3, LG4-5, LG4, and LG5) only caused partial inhibition binding to the intact laminin (Supplementary Figure 5) . We thus precluded the possibility of Hep-1 as the only binding site for PF, AfeA, Paf, and MntC; instead, the interactions may potentially involve multiple heparin-binding sites (Hep-2 and Hep-3) of the laminin molecule. To the best of our knowledge, this is the first report on bacterial interactions with multiple heparin-binding sites on the laminin molecule. Since the LG globular domain of the α-chain at BM is bound to epithelial cell integrins and dystroglycan at LG1-3 and at LG4-5, respectively [2] , this might halt the accessibility of bacteria to Hep-1 at LG domains. We therefore postulate that the multiple heparin-binding sites (Hep-2 and Hep-3) may provide alternative anchorage for bacterial acquisition of laminin, promoting bacterial colonization at the denuded ECM layer and/or epithelial cells. In conclusion, based on the structural homology of Haemophilus PF, we have defined novel laminin-binding protein of pathogens colonizing the respiratory tract. Our delineation of bacterial multi-interaction sites on the host ECM laminin is an impetus for development of future antimicrobial drugs to suppress colonization of pathogens in the respiratory tract.
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